Objectives-To assess the feasibility of inducing different severities of shock wave (SW)-induced traumatic brain injury (TBI) using lithotripsy.
I
n preclinical settings, different methods of inducing brain injuries, such as the use of explosives and shock wave (SW) tubes, have been suggested to study the effect of SWs on brain tissue. [1] [2] [3] [4] [5] [6] Generating SWs by the use of explosives in open fields mimics the best characteristics of blast waves produced by explosive devices in war theaters. 2, 6, 7 However, such an experiment requires access to an open field with proper licensure for the use of explosive materials, as well as the high risk of injury to operators, which make it difficult to conduct in laboratory settings. Therefore, the use of SW tubes that can be managed in a laboratory setting has become a more practical choice for producing blast-induced traumatic brain injury (TBI) models. 4, 8, 9 Nonetheless, the size of SW tubes and the inability to deliver multiple SWs (exposure to multiple blasts) in a single session without changing the diaphragm that ruptures after a certain pressure buildup poses certain challenges in using an SW tube.
Previously, we presented a model of focal TBI using SW lithotripsy (SW-induced TBI) that led to a reproducible neurotraumatic injury relevant to some of the blast exposure characteristics observed in the clinical setting. 10, 11 In this study, we attempted to generate different SW-induced TBI severities by delivering different numbers of SW pulses to brain tissue. The severity of TBI in clinical settings is categorized as mild, moderate, and severe, which is usually assessed by a Glasgow Comma Scale ranging from 3 to 15, in which lower scores predict poor outcomes. 12 Animal models of blunt TBI with different severities have been presented in the literature. 13 However, reports on differences in the severity and outcome of SW-induced TBI are lacking.
Materials and Methods

Study Groups and Procedures
Before conducting the study, we obtained approval from the Institutional Animal Care and Use Committee at the University of Minnesota. Wistar male rats (Charles River Laboratories, Wilmington, MA) were randomly divided into 2 groups: group 1 with a moderate injury received 5 SW pulses to the right side of the frontal cortex, and group 2 with a severe injury received 15 SW pulses to the same location in the brain. The procedure for inducing SW-induced TBI has been described in detail previously. 10, 11 Briefly, each animal was anesthetized with 3% isoflurane in an induction chamber and maintained with 1.5% to 2.5% isoflurane using a custom-made nose cone. Administration of buprenorphine (subcutaneously, 3 times a day) and ketoprofen (subcutaneously, once daily) was continued for 3 days after the injury to alleviate any possible pain and discomfort due to SW-induced TBI. We used a Medstone STS-T lithotripsy machine (Medstone International, Inc, Austin, TX) to produce SW-induced TBI. The lithotripsy machine was used to fire 5 or 15 SW pulses at 24 kV with a 1-Hz (60 pulses per minute) frequency. The Medstone STS-T system uses an electrohydraulic generator. The high-voltage discharge causes the water reservoir to be filled with gas bubbles and plasma, which expands to produce a positive abrupt overpressure followed by a negative pressure pulse, manifesting as an SW that is similar to the Friedlander waveform. 1, 5, [14] [15] [16] [17] The wavelength of the SW used in our method was as much as 3 orders of magnitude shorter than other experimental models published in the literature. 5, 7, 8, 18, 19 Typical temporal and spatial pressure fields generated by the Medstone STS-T system with respect to its focal point are shown in Figure 1 .
Various assessments for neurologic function (modified Garcia score), motor function (beamwalking and rotarod tests), and anxiety (elevated plus maze) were performed at baseline before injury and at 3, 6, 24, 72, and 168 hours after injury. 10, 20 Animal training on a standard elevated plus maze consisted of 10 trials, lasting for 5 minutes, separated by at least a 1-hour break. For the baseline and follow-up assessments, we performed a 5-minute recording of the animal on the elevated plus maze between 9 and 10 AM. Details of the neurologic and behavioral assessment protocols used for this study have been described previously. 10 To obtain a single value that integrated all of the anxiety-related behaviors for use in correlational Before euthanizing the animals at 168 hours (7 days) after injury, we performed diagnostic angiography to assess the presence of cerebral vasospasm due to SW-induced TBI, as previously described. 10 For each animal, digital subtraction angiographic sequences were obtained in the anterior-posterior plane at 15 frames per second during injection of 1 mL of a soluble iodinated contrast agent (Optiray 240; Mallinckrodt, Inc, Hazelwood, MO) to document cerebral blood flow. The digital subtraction angiographic sequences were transferred to a workstation for postprocessing. Detailed image analysis techniques have been described previously. 10, 23, 24 Briefly, 2 regions of interest delineating each cerebral hemisphere on anteroposterior views were defined. An average pixel value within each region of interest was used to generate a corresponding time-density curve and contrast peak value for each hemisphere.
Animals were euthanized 7 days (168 hours) after injury for histologic analysis. Tissue morphologic characteristics were displayed by routine hematoxylin-eosin staining and anti-amyloid precursor protein (APP) immunohistochemical staining of 6-lm-thick sections. Histologic specimens were evaluated by an observer who was blinded to the study groups. The histologic assessment was based on the evaluation of 3 categorical features observed on the histologic samples: area of hemorrhage (0-3), depth of injury (0-5), and extent of axonal injury (0-3). The overall histologic severity score was the sum of the individual score for each category. A sum of 0 indicated no injury observed on the histologic slides of a brain sample, and a sum of 11 indicated a maximum injury.
Statistical Analyses
Comparisons of the neurologic and behavioral assessments (Garcia score, beam walking, rotarod, and elevated plus maze) were performed with normalized postinjury values for group 1 (5 SWs) and group 2 (15 SWs). The homogeneity of the distribution of the performances in each group was tested by a Mann-Whitney test (2 sided) at each postbaseline time point. Holm correction for multiple tests was applied for the P values. For the beam-walking test, the homogeneity of the variance for the groups was also tested by a robust BrownForsythe-Levene-type test based on the absolute deviation using the lawstat R library. 25 The review of the line plots of the mean anxiety index revealed a nonlinear anxiety level change for the animals in group 1 and a simple linear anxiety change for the animals in group 2. Consequently, a separate linear mixed-model analysis was applied for each group to estimate the best model of the postbaseline anxiety level.
For the group 1 model, a linear log model was adopted before the linear mixed-model analysis. That is, the anxiety index was modeled as varying linearly with the log of the time during the 7-day experiment.
A model estimate was performed by restricted maximum-likelihood. Model selection and comparison used both information-based metrics (Akaike information criterion and Bayesian information criterion), the likelihood ratio, and diagnostic plots for residuals and random errors. The significance of fixed effects was assessed by analysis of variance with log likelihood ratio tests.
We compared the overall histologic severity score values as well as the baseline and day 7 values for the neurobehavioral assessments using a 2-tailed Wilcoxon (paired-samples) test. P values were corrected by a Holm correction for family-wise errors. Values are presented as mean 6 SD unless otherwise noted. P < .05 was considered significant. The statistical analyses were performed in the R statistical programming environment (version 3.2.0; R Core Team, Vienna, Austria) and the nonlinear mixed-effect R library for the linear mixedmodel analysis.
Beam-Walking Tests
For each postbaseline time point, after removing 3 outliers, the Mann-Whitney tests did not show a significant difference in the distribution of beam-walking performances. A small difference at day 7 before the correction was found but was not significant after correction for multiple tests. No significant intergroup difference in variance for beam-walking performances was observed (Brown-Forsythe-Levene-type test; Figure 2A ). There was no significant difference between the baseline and day 7 values for the beam-walking test for groups 1 and 2 after correction for family-wise error.
Rotarod Tests
The visual inspection of the box plots did not show any significant intergroup difference for the performances on the rotarod test between the animals in both groups. The Mann-Whitney test applied for each time point confirmed the lack of any statistically significant difference between the groups at each time point. The rotarod test values at day 7 were significantly different from baseline for both groups ( Figure 2B ). In other words, the deficit persisted for animals in both groups.
Garcia Score
We excluded 1 outlier in group 2 (15 SWs) from the subsequent analysis. Median Garcia score differences from baseline in groups 1 and 2 differed significantly for all time points, with lower Garcia scores for group 2 (Mann-Whitney test, all P < .05; Holm P value correction for multiple tests). The Garcia score for day 7 was significantly different from baseline for group 2 only ( Figure 2C) . In other words, the deficit persisted for this group but not for group 1.
Anxiety Index
One outlier was removed in group 2 before the regression analysis. Table 1 shows the estimates of the 2 linear models (time was log transformed for group 1) used for the studied groups. As shown in Table 1 , a significant variation in time was observed for the anxiety index for each group. The anxiety index for group 1 showed a fast reduction of the post-SW anxiety level, varying linearly with time (log transformed), whereas the one for group 2 showed a slower reduction of the anxiety level (varying linearly with time). The anxiety index for each group Figure 2D ). There was no significant difference between baseline and day 7 anxiety index values for either group.
Cerebral Angiographic Studies
The interquartile range differences in contrast peak value data obtained from angiographic assessments between the left and right brain hemispheres for the rats in groups 1 and 2 at 7 days after injury are shown in Figure  3 . The means for groups 1 and 2 were 0.44% 6 2.26% and 2.72% 6 2.17%, respectively. We observed a statistically significantly higher mean contrast peak value hemispheric difference for group 2 compared to group 1 (P 5 .027).
Histopathologic Studies
We observed a statistically significant difference in the overall histologic severity between the groups. The medians (interquartile ranges) for overall histologic severity scores for groups 1 and 2 were 3.0 (2.75) and 6.5 (6.0), respectively (P 5 .023). Figure 4 shows sample histologic images obtained from delivering 5 and 15 SW pulses into the cortex of the brain. The injury usually involved lateral portions of the frontal cortex and sometimes portions of the adjacent temporal cortex. We observed signs of countercoup injury in 3 cases (13.6%) in group 1 and 5 cases (31.3%) in group 2. However, the difference between the groups was not significant (Fisher exact test, P 5 .243). Table 2 presents the individual components of histopathologic assessments (area Representative angiographic studies and corresponding generated time-density curves 7 days after the induction of blast-induced TBI. A, Five SW pulses. B, Fifteen SW pulses. C, Differences in the average contrast peak value (CPV) between the left and right brain hemispheres. Boxes represent the interquartile ranges between the first and third quartiles of the difference in the contrast peak value compared to the severity (5 and 15 SW pulses) groups.The lines inside the boxes represents the median differences in the contrast peak value. The whiskers represent the upper and lower limits excluding the outliers, which are marked with dots.
of hemorrhage, depth of injury, and extent of axonal injury) along with the overall histologic severity for each studied case.
Discussion
In this article, we present the ability to generate different levels of SW-induced TBI severity using our novel lithotripsy technique. As we have described previously, 10 the technique can deliver a very rapid burst of positive pressure lasting about 1 microsecond, followed by 3.5 microseconds of negative pressure, using a portable machine, with the capability of delivering multiple pulses at different frequencies (number of SW pulses per second) to the same target region or different target regions at the same session. The mechanism of brain injury due to exposure to SW lithotripsy has been discussed previously. 11 We observed more severe histologic damage in group 2 compared to group 1. The overall histologic score was designed to summarize the impression of brain injury, which varied from case to case with regard to the depth of tissue damage, amount of hemorrhage, and APP staining abnormalities. The area of damage was described as mild, moderate, or severe relative to other cases in the set analyzed. The depth of injury was considered mild when only the superficial cortex was involved and severe when the underlying white matter was also damaged. For most cases, the depth of tissue damage was closely related to the area of hemorrhage, whereas in some cases, the damage was less hemorrhagic. However, the etiology of the abnormal APP staining is not entirely clear and could be related to blood-brain barrier breakdown, edema, and accumulation of immunoglobulin G. Nonetheless, in most cases, some degree of axonal disruption could be detected as well. Undamaged white matter showed some background APP staining with this particular antibody but was increased in axons immediately adjacent to the site of injury, as would be expected with trauma or infarction. White matter injury consisted exclusively of damage to the white matter immediately beneath the damaged cortex. No long-tract abnormalities were observed in the sections examined. Nondamaged brain tissue in the same section and normal brain sections distal to the site of injury were available as internal negative controls for every case. In our study, the groups differed in the postinjury Garcia score and the anxiety index. The anxiety level after the injury approached the baseline level after a fast nonlinear reduction for group 1, whereas the anxiety level of group 2 returned to baseline values in a slower linear fashion ( Figure 2D ). The elevated plus maze has been frequently used for various measures of anxiety in preclinical settings. 27 ,28 Traumatic brain injury-related studies have also frequently used the elevated plus maze for the assessment of anxiety. 29, 30 We acknowledge that a single trial of the elevated plus maze is typically used to assess the initial encounter in a novel environment with conflicting exploratory arms. However, repeated testing can be used to assess consistency in anxiety-related traits over time. 22 We clearly observed 2 distinct patterns of anxiety for the animals in the 2 studied groups even with repeated preinjury training. The elevated plus maze renders several parameters related to the animal anxiety status, but not all parameters can be used in a single model for statistical analysis. Therefore, we also used an "anxiety index" as a single parameter that integrated the elevated plus maze behavioral measures. 21 In our previous study, 10 2 of the neurobehavioral assessments (the anxiety index and Garcia score) had the highest correlation with the overall histologic severity for animals with 5-SW injury. The same 2 assessments revealed a statistically significant difference between the 2 levels of injuries in this study, which makes them the most suitable assessments for the location of the injury in our model. Rodents have been shown to have the ability to mask functional deficits and compensate for sensory or motor function deficits after acute brain injuries. Therefore, it is possible that for the proposed SWinduced TBI model, rats could compensate for motor function deficits, leading to a statistical indifference in beam-walking and rotarod performances between the studied groups. Further studies specifically targeting the motor cortex area of the brain can better elucidate this possibility, or more sensitive assessments to better differentiate recovery from compensation are needed.
We also observed a higher trend for the possibility of the presence of vasospasm or vascular damage at the site of the blast among the animals in group 2 compared to the animals in group 1. The higher mean contrast peak value hemispheric difference for group 2 indicated a higher level of vasospasm or damage as a consequence of the higher number of SWs. It is important to point out that we compared contrast peak values of the ipsilateral to the contralateral brain hemispheres. However, as the histologic studies have shown, we observed tissue damage to the contralateral side of the brain hemisphere as well. Therefore, it is likely that we have underestimated the presence of vasospasm and vascular damage on the ipsilateral side of the brain. Studies have confirmed the presence of vasospasm observed by transcranial Doppler imaging and confirmed by angiography after TBI. 31, 32 Moreover, vasospasm has been correlated with a reduction in cerebral blood flow due to blast injury. 31, 33 Higher numbers of SWs in group 2 resulted in higher mortality compared to group 1, possibly because of subarachnoid hemorrhage. Published studies have shown that a decrease in the number of SW pulses can decrease the lesion size in renal models. 34 Also, a higher rate of countercoup injury was seen among samples from group 2 compared to group 1, but the difference was not statistically significant. This finding should be interpreted with caution, as the SW may have taken an oblique path, and the injury was not observed on the cross-sectional histologic examination. Furthermore, some of the brain samples may have been cut at an oblique angle, which could have potentially influenced the number of countercoup injuries observed in this study. The exact location of the injury may also affect the presence of countercoup injury, as the rat's brain thickness varies in a sagittal direction, proceeding cranially to caudally. The SW energy gets attenuated by the depth of tissues penetrated, so a smaller cross section might be more susceptible to countercoup. Similar to our previous experiment, 10 we used the frontal lobe region of the brain, since it is one of the most common sites of injury in military-related TBI. 35 Furthermore, injury to the prefrontal/frontal region of the brain is of special concern because it can lead to psychiatric and cognitive disorders. [35] [36] [37] [38] As we have mentioned before, 10 one of the differences between a blast wave generated by explosive materials and an SW generated by lithotripsy is that the blast wave, as it propagates outward, usually covers the entire skull of the individual that it is exposed to. However, a lithotripsy SW delivers a focused wave to a specific region by the use of an ellipsoidal reflector because of its designed application for breaking a kidney stone. 39 Therefore, a blast wave can potentially deform and move the skull (causing skull acceleration), whereas a focused lithotripsy SW does not induce such an effect. Even though an SW generated by lithotripsy has a similar waveform signature, it has a higher peak pressure and shorter duration than those generated by SW tubes. 11 Therefore, lithotripsy may induce a focal injury pattern compared to the diffuse pattern generated by a blast. In a study conducted by Kato et al, 40 a 10-MPa pressure amplitude of a focused SW generator produced similar results as those obtained by 5 SW pulses in our model. 10, 11 Future studies may include different regions of the brain to assess differences in the severity of outcome measures such as sensorimotor neurologic deficits and motor coordination. Investigating the effect of different variables involved with SW injury can help tailor the injury to a specific treatment. As we have discussed in our previous study, 10 the presented method is a convenient way to produce SW-induced TBI that may be relevant to clinical settings. For example, reducing the SW power (ie, lower kilovolts), which generates loweramplitude SWs, or stepwise kilovolt ramping can affect tissue injury. 41, 42 In renal studies, delivering SWs with a lower frequency (1 versus 2 Hz) has been shown to reduce renal tissue damage and the homonymic deficit. 43 The same investigation is warranted to assess the effect of the SW frequency (how fast the number of SWs is delivered) on brain tissue damage.
In conclusion, the preclinical rat model of SWinduced TBI using lithotripsy established in our laboratory has characteristics that may be relevant to a clinical scenario of TBI in clinical settings. Here, we have demonstrated that by adjusting the number of SW pulses, we can alter the depth of penetration and level of injury. Differences in the resulting injury were characterized by the severity of neurologic deficits and a higher anxiety level, as well as damages documented by histologic studies. We have also shown higher cerebral perfusion deficits for 15 SW pulses compared to 5 SWs, which can be considered a producer of a more-severe vasospasm. Our results suggested that our chosen parameters induced moderate (5 SW pulses) and severe (15 SW pulses) injuries. The proposed technique offered here allows for induction of SWinduced TBI with different degrees of severity for assessing treatment options in a practical laboratory setting.
